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Summary
The goal of this study was to characterize the changes of the viscoelastic properties of rabbit chondrocytes from normal and osteoarthritic
cartilage. All samples were harvested from rabbit articular cartilage with the same age, sex, body weight, breed and osteoarthritic degree.
Anterior cruciate ligament transection was utilized to induce rabbit osteoarthritic model. Micropipette aspiration technique coupled with a vis-
coelastic model was used to characterize viscoelastic properties of rabbit chondrocytes. The present results indicate that the viscoelastic
behaviors of osteoarthritic chondrocytes have decreased during the progress of osteoarthritis and exhibited a signiﬁcantly lower equilibrium
modulus, instantaneous modulus and apparent viscosity (Ef ¼ 0.39  0.14 kPa, E0 ¼ 0.68  0.27 kPa, m ¼ 0.39  0.14 kPas, n ¼ 67) com-
pared with normal chondrocytes (Ef ¼ 0.55  0.11 kPa, E0 ¼ 0.98  0.14 kPa, m ¼ 6.36  1.12 kPas, n ¼ 52) (p < 0.0001). These ﬁndings
may be relevant for chondrocyte-based cartilage tissue engineering.
ª 2007 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
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ACL transection. Rabbits were allowed to move freely in the cages until theirIntroduction
Osteoarthritis (OA) is the most prevalent skeletal disease
related to age. A previous study1 indicates that human
OA chondrocytes exhibit signiﬁcantly higher viscoelastic
parameters compared with normal cells, but previous inves-
tigations mostly isolate chondrocytes from patients with var-
iable age, sex and OA degree etc. However, the effects of
age, sex and OA degree etc. on biomechanical properties
of chondrocytes are still unknown.
This study utilizes a rabbit model to investigate the changes
in viscoelastic properties of chondrocytes during OA develop-
ment in a sample population with uniform age, sex and OA
degree. Results show that OA chondrocytes exhibit signiﬁ-
cantly lower viscoelastic parameters than normal ones.MethodsANIMAL MODEL OF OAA total of 16 White New Zealand male rabbits (3e5 months old and
1.8e2.5 kg body weight) were randomly allocated to two study groups (nor-
mal and OA, eight per group). OA was experimentally induced in the OA
group by anterior cruciate ligament (ACL) transection as previously de-
scribed2. The same operation was performed on the normal group without*Address correspondence and reprint requests to: Dr W. Y. Chen,
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837sacriﬁce at 15 weeks post-surgery.
The rabbit’s articular cartilage was inspected at two levels: macroscopic
and histological (hematoxylin and eosin (HE)) in all left knees. The cartilage
degeneration of the joint was evaluated using a modiﬁcation of Mankin’s his-
tologic classiﬁcation (grade 0e6)3. If the mean grade value was less than or
equal to 1.5, the cartilage was classiﬁed as normal, greater than 1.5 was
classiﬁed as OA.
The cartilage was removed from the bone and digested with 0.4% pro-
nase, then with 0.025% collagenase type II. Then, the cells were suspended
in culture medium with Dulbecco’s Modiﬁed Eagle Medium, Nutrient Mixture
F-12 with 10% fetal bovine serum and 1% penicillin.EXPERIMENTAL PROCEDUREThe viscoelastic properties were tested with the micropipette aspiration
technique similar to that described previously1,4. About 1 ml of chondrocyte
suspension was loaded into a small chamber. The tip of the micropipette
was made to approach the surface of a spherical chondrocyte. The negative
pressure was ﬁxed to a desired value (range from 0.3 to 0.4 kPa), which
caused a time-dependent aspiration of a portion of the chondrocyte. The
negative pressure was usually maintained for 200 s. All experiments were
performed at 37C and controlled humidity (custom-built equipment) within
2 h.THEORETICAL ANALYSISA standard linear viscoelastic solid model was employed to analyze the
viscoelastic behavior of chondrocytes, as earlier theoretical study has de-
scribed5 (Fig. 1). The relation between aspirated lengths (L) and time was
given by the following equation:
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where t is the relaxation time of deformation at a negative pressure Dp. EN is
the equilibrium modulus associated with long term equilibrium, E0 is a mea-
sure of the instantaneous modulus, and m is deﬁned as apparent viscosity.
Fig. 1. Schematic representation of a standard linear viscoelastic
model. a and b are the inner and the outer radii of micropipette,
respectively.
838 Q. Y. Zhang et al.: Viscoelastic properties of chondrocytes in experimental rabbit modelSTATISTICAL ANALYSISData in ﬁgures are shown as mean standard deviation (SD). Statistical
signiﬁcance between the groups was estimated using one-way analysis of
variance (ANOVA). Differences were considered signiﬁcant for P< 0.05.Results
The knee cartilage at 15 weeks post-surgery where
OA had been experimentally induced showed obviousFig. 2. The creep behavior of a normal chondrocyte in response to a step
8 mm in lenmacroscopic changes. In contrast, the normal joints ex-
hibited no detectable macroscopic changes in articular sur-
face, and no osteophyte formation in the femoral condyles
or tibial plateaux. Additionally, the matrix and associated
chondrocytes were organized in three appropriately ori-
ented, well ordered zones. But the ACL transection joints
showed rough surface and signiﬁcant osteophyte formation
at the margin of the medial femoral condyle after 15 weeks
post-surgery. With regard to cellular changes, the ACL tran-
section joints had more conspicuous chondrocyte clustering
than normal ones, which was recognized as a typical fea-
ture in OA. The mean grades for OA cartilage were higher
in the ACL transection joints (4.75 1.04) than in normal
joints (1.38 0.92) (P< 0.005).
As expected, the chondrocytes exhibited signiﬁcant vis-
coelasticity as found by Jones et al.4. In response to
a step negative pressure, the chondrocytes ﬁrst jumped a
ﬁnite displacement, then continued to enter into the micro-
pipette with a monotonically decreasing rate of deformation,
until reaching equilibrium within about 110 18 s (Fig. 2),
then resumed their original shape within 34 9 s when un-
loaded. The average viscoelastic creep of OA chondrocytes
was signiﬁcantly greater than normal ones in response to
the same applied pressure (Fig. 3). The equilibrium modu-
lus (EN), the instantaneous modulus (E0) and the apparent
viscosity (m) of normal chondrocytes were signiﬁcantly
higher than the ones of OA chondrocytes (P< 0.0001)
(Table I).Discussion
This is the ﬁrst reported study to determine the visco-
elastic properties of primary chondrocytes from normal
and OA rabbit cartilage. The results have demonstrated
that the deformation behavior and viscoelastic properties
of cartilage chondrocytes have signiﬁcantly changed dur-
ing the development of OA (Fig. 3). Normal chondrocytes
exhibited higher E0, EN and m than OA cells (Table I). The
strength of chondrocyte cytoskeletal structure is weakenedpressure of 0.392 kPa and its deformation resuming. The scale is
gth.
Fig. 3. Averaged time course changes in aspirated length L at constant negative pressure Dp¼ 0.39 kPa. (A) Normal (n¼ 52). (B) OA (n¼ 67).
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structure alterations with OA development. This explana-
tion is further supported by a recent study that chondro-
cyte cytoskeleton provides the viscoelastic properties of
the chondrocyte6.
Contrary to this study, a past study1 on viscoelasticity of
human chondrocytes suggests that OA chondrocytes exhibit
higher E0, EN and m than the normal chondrocytes. How-
ever, the chondrocytes utilized in that study were harvested
from different patients with end-stage OA undergoing joint
replacement surgery, or undergoing amputation or surgical
correction of tumors or bone fractures. Obviously, the factors
of age, sex, and OA degree etc. of these patients are uncer-
tain. Many studies have demonstrated that age affects the
biomechanical, biochemical and cellular characteristics of
tissue7e10. However, it is still unknown whether the biome-
chanical properties of articular chondrocytes are associated
with other factors (such as age, sex, OA degree etc.). In our
preliminary studies, we have found that the viscoelastic prop-
erties of the chondrocytes in old rabbit knees were signiﬁ-
cantly lower than young and adult ones (Table II).
But, no signiﬁcant difference was found between young
and adult ones. Thus, it will not adequately determine if
the changes in biomechanical properties of chondrocytes
are causally related to OA. To overcome these factors,
the rabbit OA model was utilized to investigate the visoelas-
ticity of chondrocytes. Thus, the results of this study should
be objective.
From an experimental perspective, one most signiﬁcant
fact is that cells were tested in vitro, removed from theirTable I
Viscoelastic parameters (EN, E0 and m) of chondrocytes from
normal (n¼ 52) and OA (n¼ 67) rabbit knees
Normal chondrocytes
(n¼ 52)
OA chondrocytes
(n¼ 67)
EN (kPa) 0.55 0.11 0.39 0.14*
E0 (kPa) 0.98 0.14 0.68 0.27*
m (kPa s) 6.36 1.12 0.39 0.14*
*P< 0.0001 compared with normal chondrocytes.native environment. The process of chondrocyte isolation,
the time in culture and the temperature may inﬂuence the
architecture and arrangement of cytoskeletal proteins11,
chondrocyte viability and yields12, which may contribute to
differences in cell mechanical behavior. Previous experi-
ments1 were performed within 48 h of cell isolation; how-
ever, our experiment was controlled at 37C and within
2 h of cell isolation. We believe that our experimental pro-
cess provides a reliable way of preserving the maximum
number of functionally viable chondrocytes from articular
cartilage. Although it is difﬁcult to extrapolate in vitro results
to the in vivo situation, it is encouraging that viscoelastic dif-
ferences of chondrocyte during OA were evident and mea-
surable even in vitro. This suggests that these differences
are intrinsic to the chondrocytes, and not wholly dependent
on their native environment.
As a ﬁnal comment, there are a number of limitations to
the present study. Firstly, zonal differences are apparent
at the cellular level. Recent studies suggest that viscoelas-
tic properties of chondrocytes differ signiﬁcantly with the
zone of origin13,14. In the present study, however, the alter-
ations of viscoelastic properties with the zone of origin were
not considered. In addition, whether histological progres-
sion of OA is the same amongst different animal models,
and between animal models and humans is still unknown.
Thus, establishing the relationships between viscoelasticity
of chondrocytes and animal models, and humans, and the
age, sex, OA degree etc. would be of great value to carti-
lage tissue engineering as well as provide insights into
the etiopathogenesis of OA.Table II
Viscoelastic parameters (EN, E0 and m) of chondrocytes from
young, adult and old rabbit knees
Young (n¼ 48) Adult (n¼ 52) Old (n¼ 49)
EN (kPa) 0.38 0.13 0.34 0.11y 0.28 0.04*
E0 (kPa) 0.68 0.13 0.65 0.12y 0.55 0.05*
m (kPa s) 6.33 0.95 6.05 0.94y 4.11 0.61*
*P< 0.001 compared with young and adult groups.
yP> 0.01 compared with young group.
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